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.~ NOTICE

The Environmental Research Laboratories do not approve,
recommend, or endorse any proprietary product or proprietary
material mentioned in this publication. No reference shall
be made to the Environmental Research Laboratories or to this
publication furnished by the Environmental Research Labora-
tories in any advertising or sales promotion which would in-
dicate or imply that the Environmental Research Laboratories
approve, recommend, or endorse any proprietary product or
proprietary material mentioned herein, or which has as its
purpose an intent to cause directly or indirectly the adver-
tised product to be used or purchased because of this Envi-
ronmental Research Laboratories publication.
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PREFACE

The grounding of the supertanker Amoco Cadiz near the coast of
Brittany on March 16, 1978, resulted in the greatest single discharge
of petroleum in maritime history, with tragic consequences for the
people of France. Strong onshore winds and unusually high spring
tides (quite unlike the conditions encountered in the Argo Merchant
spill in late 1976) forced the 220,000 ton cargo of the vessel high
on the beaches and well into estuaries and marshes along 210 kilometers
of the Brittany coast. The effects of the spill, although not totally
evaluated to date, were nonetheless devastating in a region heavily
dependent on the quality of its coastline and nearshore waters for
the maintenance of an active maritime economy and way of life.

Few coastal regions of the world are immune from incidents of
this nature; lessons learned from the French experience must be immedi-
ately translated into effective national and international regulations
governing the safe shipment of petroleum and other hazardous substances
by sea. In addition, we must establish the means to deal more effec-
tively with incidents of this magnitude when they do occur. The French
experience, as regrettable as it was, will yield a wealth of information
on the effectiveness of various means of containment and cleanup and
improve the capability of scientists and engineers around the world to
mitigate and assess the environmental consequences of such events in
the future.

The United States was fortunate to have in place a team of
Federal, state and academic scientists trained and equipped to respond
on short notice to marine pollutant incidents of this nature. Through
the cooperation of the French government, members of the team were
able to work closely with their French counterparts to assist in
mitigating the effects of the spill, assess the extent of environmental
damage, and compile information vital to future United States efforts
in this area.

This report is a preliminary U.S. contribution to the study of
the Amoco Cadiz disaster. A longer-term, international effort is
clearly warranted to explore the long-range environmental consequences
of the incident, as well as to understand the nature and effectiveness
of natural recovery processes. Certainly the United States will

continue to support this endeavor.
et ﬁ

Richard A, Frank, Administrator
National Oceanic and Atmospheric Administration
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THE AMOCO CADIZ OIL SPILL

1. EXECUTIVE SUMMARY

This document provides a preliminary account of the United States
scientific efforts in response to the Amoco Cadiz o0il spill during the
period March 19 to May 15, 1978. The document expands on and updates
material reported by the National Oceanic and Atmospheric Administration
in April 1978 in the document entitled The Amoco Cadiz 0il Spill: A
First Report of the SOR Team Activities. It should be emphasized that
all material reported herein is indeed preliminary; final assessment of
full impact of the incident will require the integration and interpreta-
tion of data takem by scientists from several nations. From our knowl-
edge of previous spills, we anticipate that final assessment of the full
_ extent of the impact may require a period of several years.

At approximately 11:30 p.m. on Thursday, March 16, 1978, the
supertanker Amoco Cadiz went aground on a rock outcropping 1.5 km
offshore of Portsall on the northwest .coast of France (see Plates 1-1
through 1-7). The vessel contained a cargo of 216,000 tons of crude oil
and 4,000 tons of bunker fuel. At 6:00 a.m. on Friday, March 17, the
vessel broke just forward of the wheelhouse and thus started the worst
0il spill in maritime history. During the course of the next 15 days,
the bunker fuel and contents of all 13 loaded cargo tanks, which con-
tained two varieties of light mideastern crude oil, were released into
the ocean. The oil quickly became a water-in-oil emulsion (mousse) of
at least 50% water, and heavily impacted nearly 140 km of the Brittany
coast from Portsall to Ile de Brehat. At one time or ancther oil con-
tamination was observed along 393 km of coastline and at least 60 km
offshore (Fig. 1-1). Impacted areas included recreational beaches,
mariculture impoundments, and a substantial marine fishery industry.

On March 18, Dr. Wilmot N. Hess, Director of the Envircommental
Research Laboratories (ERL) of the National Oceanic and Atmospheric
Administration (NOAA), contacted Dr. Lucien Laubier, Director of the
Centre Oceanologique de Bretagne (COB) of the Centre National pour
1'Exploitation des Oceans (CNEXO), the French national oceanographic
organization. Dr. Hess and Dr. Laubier arranged for participation by
United States scientists in a joint Franco-American investigation of
physical and chemical manifestations of the spill. On March 24, the
agreement was expanded to include cooperative biological investigations
through contacts initiated by Dr. Eric Schneider, Director of the Envi-
ronmental Protection Agency's Environmental Research Laboratory in
Narragansett, Rhode Island.

Since the Argo Merchant oil spill in December 1976, EPA and NOAA
have collaborated in development of an interagency oil spill response
team, encompassing a variety of scientific disciplines. In the United
States this team has three functions:




(1) To provide authorities responsible for cleanup with highly-
qualified scientific assistance in mitigating the environ-
mental and socio-economic impacts of spllls of oil and other
hazardous substances.

(2) To provide scientific assistance in assessing the damage
resulting from such spills.

(3) To maximize the research advantage offered by the spill
situation, especially with respect to improving future re-
_sponse capabilities.
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Figure 1-1. Coast of Brittany, showing locations of spilled oil.



NOAA team members initially arrived on-scene on Sunday, March 19.
Initial photographic over-flights and active beach sampling began on
Tuesday, March 21, followed by initial chemical sampling by vessel on
Friday, March 24. The team was supplemented with EPA biological observ-
ers on Sunday, March 26. Routine sampling has continued by all segments
of the team until the present time.

Throughout the period of investigation, active interaction and
coordination with the French scientific community have taken place under
the auspices of COB/CNEXO. All sampling has been coordinated with
programs organized by CNEXO and other institutions in France, making
possible a more thorough evaluation of the effects of the incident than
would otherwise have been possible.

During the course of the investigation, seven observational objec-
tives were established by the U.S. team:

" (1) Aerial photographic mapping and ground surveys of impacted
beaches.

(2) Statistical mapping of the distribution of oil on the water
surface using vertical photography.

(3) Surveys of the concentrations of oil in subsurface water.

(4) Evaluation of the effect of weathering on the composition of
surface 0il as a function of time/distance from the wreck
site.

(5) Evaluation of the long-term effects of weathering on the
composition of o0il in sediments from tidal flats and beaches.

(6) Evaluation of the biological consequences of the spill.
(7) Observation and assessment of cleanup techniques.

Given the limitations of our analytical efforts to date, we believe
the following preliminary conclusions can be drawn regarding the nature,
fate, and effects of the oil spilled from the Amoco Cadiz:

(1) According to our best estimate, 64,000 tons of the Amoco Cadiz
0il came ashore along 72 km of the shoreline of Brittany during the
first two and one-half weeks of the spill. A prevailing westerly wind
pushed the o0il against west-facing headlands and into shoreline embay-
ments as it moved east. Additional wind-induced forcing is hypothesized
to have taken place through a sea surface setup along the coast and
subsequent development of a significant alongshore current. A wind
reversal in early April moved the oil in the opposite direction, contam=
inating previously untouched areas and transporting the oil as far
southwest as Pointe du Raz (southwest of Brest). At the end of April,



the total volume of oil onshore was reduced to 10,000 tons, but by that
time 320 km of shoreline had been contaminated.

(2) Coastal processes and geomorphology played a major role in the
dispersal and accumulation of the oil once it came onshore. For exam-
ple, o0il accumulated at the heads aof crenulate bays and on tombolos
(sand spits formed in the lee of offshore islands). Local sinks, such
as scour pits around boulders, bar troughs (runnels), marsh pools, and
joints and crevasses in rocks, tended to trap oil. The grounded mousse
was either eroded away, or buried (up to 70 cm) under new sediment de-
posits, in response to the vagaries of the beach cycle.

(3) During the initial oiling, the first week after the grounding,
0il definitely lifted off with the incoming tide, and was redeposited on
the ebb. However, by late April oil/sediment binding was pronounced and
considerable sinking was evident. A significant percentage of the oil
spilled by the Amoco Cadiz is now hypothesized to have sunk to the
bottom and thereafter been subjected to bottom transport processes.

(4) The distribution of oil in water in the Aber Wrac'h estuary
was uniform vertically, indicating that the benthos was exposed to oil.
Six weeks after the grounding, this estuary still contained elevated
concentrations of oil in water, particularly at the upper end.

(5) Offshore, high concentrations of oil in water were observed
under patches of mousse or slick, but, interestingly, near-bottom water
usually contained even greater quantities of oil.

(6) Chemical analysis of weathered oil samples revealed notable
losses of lower molecular weight components, decreases in peak heights
of n-alkanes relative to isoprenoids, reductions in resolved vs. unre-
solved material in aliphatic and aromatic fractiomns, and increases in
oxygenated material. Mass spectrometric data indicate the presence of
photo-oxidation products of dibenzothiophene and itgs alkyl homologs.
There was no mass spectral evidence for photo-oxidation products of the
naphthalenes and phenanthrenes.

(7) . Adverse biological effects of the spill were observed along
the northwest coast of Brittany, ranging from Portsall to Perros-Guirec
--a distance of about 150 km of coastline plus numerous rocky outcrop-
pings and islands. Biological communities in these habitats were
subjected to varying degrees of stress depending upon type of habitat,
distance from the spill, and location relative to the configuration of
the coastline.

(8) Intertidal communities on coastlines facing in a westerly
direction, as well as the Aber Benoit estuary and Rulosquet marsh near
Ile Grande, were severely impacted. These effects were maximized by
spring tides which occurred just after the wreck. Massive mortalities
of some intertidal animals occurred near St. Efflam and at Rulosquet



marsh over a relatively short time span (a few days), whereas mortal-
ities of other populations. were observed to occur more gradually (over
several weeks). Populations of intertidal crabs, nereid worms, bivalve
molluscs, and limpets were much more acutely affected by the spill than
were deposit-feeders (e.g. Arenicola). For epifauna, mortality appeared
to be related to physical coating by the oil; the dissolved fraction
that penetrated into the interstitial water was probably the primary
factor contributing to mortalities of infauna. Acute effects were not
observed on attached macroalgae although some evidence was obtained in
an independent study that indicates that the fertilization process of
exposed plants may be impaired, and that growth of Laminaria may be
retarded.

(9) The oil spill occurred at a time when many species of marine
birds were in the process of migration from wintering to nesting grounds.
More than 3,200 dead birds were recovered, representing more than 30
species. About 85% of these deaths, however, were among four species
(shag cormorant, guillemot, razorbill, and puffin), the last three of
which are considered rare or threatened in France. More chronic impacts
on marine birds may result from feeding on contaminated prey. Seagulls
were observed feeding on freshly killed intertidal organisms all along
the impacted coastlinme.

(10) Mariculture operations for oysters were severely affected in
the Aber Benoit and Aber Wrac'h estuaries and the Bay of Morlaix. Large
numbers of oysters were either killed or contaminated by the spill. The
holding pens of the commercial lobster operation at Roscoff were heavily
oiled and probably will be out of operation for a year. The main scallop
fishery in Brittany is located east of the impacted area, and adverse
effects may be minimal. : .

(11) The transport of oil or its volatile fractions to terrestrial
communities may have been substantial. In late March gale force winds
and spring tides combined to deposit oil above the high tide mark. More
importantly, some of the airborne fractions of the petroleum can adhere
to plants and be transported to man via farm crops and livestock.

As indicated earlier, U.S. scientific response efforts were con-
ducted for the purpose of meeting three objectives: 1) support to
operational forces in mitigating impact, 2) assessment of damage, and 3)
research for the purpose of improving the effectiveness of future
responses, ‘

In connection with objective 1, U.S5. scientists provided assistance
in suggesting alternative measures for dealing with oil contaminated
beaches. Assistance in tracking the extent of oil contamination was
provided to French authorities on a near-daily basis through frequent
photographic overflights.



Most of the U.S. scientific activity will contribute to the final
assessment of environmental damage in connection with the objective 2
above. U.S. biological observations, when merged with French data on
pre-spill conditions, will contribute directly to the assessment of
impact. Chemical analyses, coupled with information on the toxicity of
crude o0il and the expected distribution of biota at the time of the
spill, will provide additional evidence of impact in the absence of
direct biological observations in the field.

Regarding objective 3, major contributions to future U.S. response
efforts are anticipated from observations of the clean-up strategies
employed by the French and from after-the-fact assessment of each tech-
nique and the corresponding long-term impact on the environment. Data
collected will also provide new insights concerning oil movement in the
marine environment such as the stranding or beaching of oil, sheltering
of areas in the lee of headlands, role of longshore drift in oil trans-
port and the effect of tidal pumping. These new conceptual understand-
ings can be expected to contribute to the next generation of oil spill
forecasting models and hydrocarbon impact assessment studies.



2. INVESTIGATIONS OF PHYSICAL PROCESSES
J. A. Galt*

2.1 Introduction

The physical processes that affect the behavior of oil in the
marine environment can be divided into two classes. The first class
includes those processes that control the movement and mixing of ocean
waters independent of the possibility of an added pollutant. These
processes are the normal subject of study for physical oceanographers
and represent a major research field in their own right. Normally we
assume that these processes simply move the oil around and that in a
Lagrangian frame of reference they define the position of the water
parcels in which the oil (or hydrocarbon) floats. The second class of
processes includes those that affect the 0il and its distribution as it
floats in the water. These processes clearly will depend on the physi-
cal and chemical characteristics of the o0il as well as the environmental
conditions. O0il/wave/wind interactions, mousse formation, and aglomer-
ation with sediment particles are all contained in this second class of
processes.

To develop an observation program and research effort that will
offer tactical support during a spill situation and lead to a systematic
improvement in our ability to forecast oil movement during future events
we must consider all of these processes in some detail. In particular
for coastal regions and expected oil types we must identify investiga-
tive and descriptive techniques that have proved useful, specify to what
accuracy data fields must be known, and finally identify major gaps in
our understanding of the processes that will require additional re-~
search.

When considering the first class of processes we may ignore the
presence of o0il and concentrate on the movement of the water and a
passive tracer. The distribution of such a tracer will be described by
the mass balance or distribution of variables equation (Sverdrup et al.,
1942). This equation simply relates the local change in concentration
to the divergence of the advective flux and diffusive spreading:

3c

5t = V(cu) + (kVc)

*Pacific Marine Environmental Laboratory, NOAA, Seattle, Wash.



In-an attempt to interpret this equation in an oceanographic con-
text an immediate problem occurs with respect to the resolution of the
velocity field specified in the advection term. In particular, any time
dependent or unsteady components of the flow that are not included in
the description of the currents contribute to the diffusive spreading
term. Following the original development of Reynolds, effective diffu-
sion coefficients can be defined which are typically orders of magnitude
larger than those associated with molecular processes.

Conceptually, once we have determined how the water is moving we
can treat the remainder of the trajectory problem by describing how the
0il moves relative to the water. These relative motions will depend on
the oil and its physical properties. These properties in turn will be
governed by the complex chemical makeup that is typical of hydrocarbons.
We can expect that such bulk properties as density and viscosity will
certainly be significant. In addition there is considerable evidence
suggesting that the oil's behavior is strongly influenced by processes
that act across the oil/water and oil/atmosphere interfaces. Although
these are poorly understood, a few examples can be noted.

Evaporation and fractionation during spreading will alter the
composition of the upper surface of the oil, giving the exposed layer a
set of characteristics different from those of the bulk of the oil. The
result is the formation of a surface crust that can significantly alter
the behavior of the oil slick as a whole.

For centuries seafarers have used oil floated on the sea to sup-
press wave action. The phrase to "put oil on troubled waters" has
become part of common speech. Standard navigation texts have comments
on the relative effectiveness of animal and vegetable o0il vs. crude oil
or gasoline (Bowditch, 1966). Despite this long observational history,
the dynamics of the wave/oil slick interaction are poorly understood.

It is just these details that are of particular significance to the oil
transport and environmental impact problems. It is observed that short
gravity waves and capillary waves are quickly damped out when entering
an 0il slick. The wave momentum must be transferred to the oil slick or
a boundary layer just beneath it, or possibly both the slick and a
boundary layer. The consequences of this process are at least twofold.
First, the momentum exchange acts to propel the oil slick through the
water, thus making it move faster than the surface drift in the direc-
tion of the dominant waves (downwind). In addition, since the shorter
gravity waves and capillary waves have some components coming from all
directions there will be an additional momentum transfer acting as a
compressional force on the o0il slick. This effect acts to counter the
natural spreading of am o0il slick and tends to reinforce surface tension
effects. It can be seen that two major components needed in trajectory
predictions appear to be closely tied to this wave/oil momentum transfer
process: 1) differential oil water movement and 2) final expected
spreading, pancake formation, etc.



Hydrocarbons once released in the marine environment cannot be
treated as conservative quantities. As times goes on they are both
modified in form and removed from the surface by a number of processes
including evaporation, emulsification, sediment interactiomns, and biol-
ogical degradation.

Some hydrocarbons will evaporate from a surface slick, resulting in
significant losses of mass to the atmosphere. This process is not at
all uniform and depends on a number of characteristics of the oil.
Obviously the lighter molecular fractions of the oil tend to evaporate
" more rapidly than the heavier ones. This process modifies the bulk
properties of the slick in such a way that certain feedback mechanisms
become important. The heavy residuals left at the surface of the slick
can form a crust or skin that inhibits further evaporation until mechan-
ical processes, such as wave action, break or perturb the surface.
Another important secondary effect associated with evaporation is the
fractionation of the oil, which leaves the heavier component behind. In
some cases the heavier fractions may be dense enough to sink. There
have been examples where patches have sunk in relatively large chunks,
and recent studies (Mattson, 1978) suggest that small flakes (which were
presumably originally in suspension in the lighter oil fraction - USNS
Potomac spill) can sink as a residual after evaporation. Observational
data show very large variations in the loss of mass of oil due to evap-
oration from spill to spill. Although the accuracy of the observations
can certainly be questioned, the range of losses appeared to be from
practically nil in the Argo spill (#6 o0il) to over 50% in the Ecofisk
spill (light crude oil).

A second weather process is associated with emulsification. It
occurs in two ways, leading to quite different results. Oil-in-water
emulsifications can form where small oil droplets go into suspension in
water. In such a case the oil no longer behaves as a surface slick, but
moves with the water, mixing throughout the upper layer somewhat 11ke
plankton. Sustained weather effects in this form are not known, but
oil-in-water emulsions appear to get rid of the oil slick as a surface
contaminant, so emulsification agents are often considered part of a
cleanup strategy. A second, common type of emulsification is one in
which the mixture contains up to 80% water. Such a water-in-oil emulsi-
fication, often called mousse, appears to resist certain types of con-
tinued weather and takes on physical properties quite different from.
those of surface oil. The development of algorithms to predict mousse
formation is of major importance for predicting overall oil impact.

A third type of weathering process affecting oil slicks is related
to oil interacting with suspended sediments in the water column. In at
least some cases, oil droplets appear to adhere to sediment particles.
This is not a universal effect, and probably depends on complex geochem-
ical interactions as well as oil characteristics. For example, in the
Santa Barbara blowout, sediment from the Ventura river sank large quan-
tities of oil whereas large amounts of oil from the Argo spill did not



appear to end up in the sediments. In other cases (the Arrow, the West
Falmouth, and the Metula spills) it appears that mechanical mixing was
actually responsible for o0il being driven into the sediments where the
weathering processes and residence times were entirely different from
those of 0il in the water column.

A fourth weather process is related to biological utilization of
the hydrocarbons as an energy source. This tends to be a slower process
than the ones mentioned above and consequently is of secondary impor-
tance at least during the initial stages of a spill. For the long term
fate of spilled hydrocarbons, biological breakdown is still likely to be
significant, but this is typically beyond the period when trajectory
tracking techniques can contribute to a meaningful estimate of the
hydrocarbon mass balance.

2.2 Physical Processes Studies

Beginning our specific discussion of physical processes affecting
the movement and spreading of oil spilled from the Amoco Cadiz it is
necessary to consider the basic oceanographic background. This means
looking into the dominant physical mechanisms controlling the regional
surface flow. Before doing this, however, we will consider the purely
observational data that describe the form of the floating oil. During
the Amoco Cadiz study the SOR Team took a large number of photographs of
floating oil and it is useful to try and categorize them.

2.2.1 Dominant Forms of Floating Hydrocarbons

The most common form of heavy oil concentration was a pool of
floating mousse (Plate 2-1). This was generally brown to reddish-brown
in color. Thicknesses were estimated to be typically about 1 mm al-
though along shorelines thicknesses of as much as 25 cm were observed.

A number of near~shore samples were collected and appeared to be very
stable water-in-oil emulsions with 50 to 70 percent water contents. The
time required for an oil to form a water-in-oil emulsion or mousse
depends on the type of oil and the mixing energy available. For the
Amoco Cadiz spill the formation appeared to take place very quickly.
During overflights on March 21 and 22 the oil leaking from the ship
appeared to change color from black to a brown characteristic of mousse
in less than a ship length. A sample was collected on March 26. This
sample was obtained at the point where the oil was upwelling to the
surface mid-ship at the vessel. It proved to be a well developed
mousse, indicating that the sea-water/oil combination in the ship's tank
was forming an emulsion even before it left the ship.

A second common form of the oil was a sheen. Plate 2-2 shows a
mousse and sheen combination under high wind conditions. The sheen is
quite thin showing rainbow colors to a light gray appearence. This
suggests thickness of about 10 microns. Such sheens were often seen in

10



conjunction with mousse concentrations but also appeared by themselves.
Under moderate and strong wind conditions sheens always appeared to form
windrows as would be expected from Langmuir cells. Previous SOR team
observation on the Hawaiian Patriot spill suggest that windrow distri-
bution of both sheen and mousse is likely to occur under strong wind
conditions at extended distances. More recent SOR team studies of the
Potomac spill (Mattson, 1978) indicate that sheen formation actually
represents a fractionation in the o0il with lighter, lower surface-
tension components going into the sheen. Lighter hydrocarbon fractions
are also more rapidly weathered by evaporation and dissolution so, as
the surface oil ages, sheens would be less likely and the remaining oil
might be expected to have a different molecular composition.

A third form of the Amoco's o0il was a light brown foam (Plate 2-4).
The chemical composition and origin of this form are unknown. It
usually appeared in the highly energetic surf zone and was originally
hypothesized to be a violently mixed mousse, a frappe, or perhaps mousse
shake. It is also possible that this could be a surface product left as
a residual after the use of dispersants. For whatever the reasons, the
froth form apparently did not occur except in the surf zone and if it
ever contributed to the development of more dense concentrations of
hydrocarbons, that was not documented.

During the cruise of Le Suroit in early April it was possible to
observe mousse concentrations at sea that had weathered for several
weeks. Plate 2-3 shows a close~up photograph of weathered mousse that
had congealed into smaller globs. It appears that this form does not
have the extensive sheen that was seen earlier in the spill. It should
also be noted that nothing is now known about the chemical composition
of mousse in this form, or about its appropriate physical or environ-
mental descriptors, its toxicity, effective viscosity, etc.

So far we have considered the empirically observed form of the oil
in its most general catagories. We must now consider specific processes
and dynamic forces affecting the spilled oil distribution.

2.2.2 Tidal Processes

A first glance at the Brittany coast of France suggests tidal
action as a dominant process. A spring tidal range of 7 m certainly
controls the near-shore currents. Within the estuaries and coastal zone
the ebb and flow will contribute to beaching processes. On a slightly
larger scale the tidal currents may or may not represent a significant
process in the distribution of hydrocarbons. The answer to this ques-
tion will depend on 1) the net flow over a tidal cycle; 2) the presence
of convergences or divergences in the surface tidal currents; and 3) the
possibility of correlations between the tidal currents and sources and
sinks for the oil.
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To the extent that tidal currents are linear the net flow over a
tidal cycle will be zero and, although any water parcel will go through
a displacement of perhaps several kilometers, the longer term drift will
not accumulate. We know however that the tides are not strictly linear
and that frictional effects, field acceleration terms, and shallow water
effects all contribute to net displacements. Analytical estimates of
these effects are difficult to obtain, but numerical modeling techniques
can be used to indicate typical values (Nihoul, 1975). 1In his book
Nihoul discusses work by Ronday (1972) which considered the residual
flow patterns for the North Sea. Ronday estimated a transport through
the English Channel in January to be 0.24 x 10% m3/sec. If approxi-
mately correct this value would imply, for a cross-sectional area
typical of the Brittany region, net average flows of a few centimeters
per second. The tidal currents along the channel are known to be
affected by rotation so the average value is certainly low for the
French Coast, but even if it were doubled to account for this asymmetry
it would still be about 5 cm/sec or less. This value of ~1/10 knot does
not appear to be significant in the context of the Amoco Cadiz spill.

The next aspect of the tidal flow that will be of interest in the
0il spill problem is the horizontal convergences or divergences. Proud-
man {1953) described the tides in the English Channel as made up of co-
oscillations with the Atlantic and North Sea. A more detailed and
observationally base description is presented in Defant (1961). The
relevant result of these independently driven co-oscillations is a
series of convergence and divergence lines. Defant describes three
different sets of these, with the westernmost one entering the Channel
from the Atlantic and first appearing off the Brittany Coast.

These convergence and divergence lines are also presented in the
tidal current tables for the channel (Service Hydrographique et Oceano-
graphique De La Marine-Paris-No. 551). Figure 2-1 shows the progression
of these through a tidal cycle. As they move across the region, the
line of convergence will concentrate bands of floating pollutants and
divergence lines will cause spreading. For patches of floating mousse
this process can certainly be expected to cause periodic changes in the
percent of surface concentration of oil. If the convergence line is
sharply defined and the initial concentrations heavy we may actually
expect patches to run together with a subsequent change in the thickness
distribution. If horizontal motion were the only consideration these
moving fronts would periodically concentrate and rarefy the patches of
floating o0il with perhaps little net effect. The consequences of these
tidal convergences can be expected to have a quite different effect on
0il fractions whose relative buoyancy is reduced. This might include
thin sheens, o0il in accommodated droplets, or oil in water emulsions
such as would result from the use of dispersants. For all of these
forms the vertical velocity associated with the tidal convergence will
carry the hydrocarbons away from the surface. This vertical transport
process that continually sweeps along the channel may represent a domi-
nant mechanism for mixing. During each tidal cycle the oil that is

12



<

5\ NN Cherbourg

Figure 2.1 Hourly progression of tidal convergence line asso-
ciated with (a) flood currents (eastward flowing off Brittany)
and (b) ebb currents (westward flowing off Brittany). Succes-
sive position of line moves from west to east.

advected down can then mix horizontally and although the following tidal
divergence will tend to replace some surface water from below it in no
sense un-mixes the oil, and the overall net flux is downward. It may
also be worth noting that these regular convergence patterns seem to be
most prominent slightly offshore, which is where dispersants were regu-
larly used during the Amoco Cadiz spill. This suggests that subsurface
hydrocarbons may have been distributed through greater-than-expected
depths. This would tend to enhance overall mixing, thus impacting
larger portions of the marine environment, but with reduced concentra-
tions.

The third tide-related process that could potentially affect hydro-
carbon distributions depends on correlations between the tidal currents
and any other transport or source/sink processes. The wind data for the
Brittany Coast are being analyzed, but are not expected to be corre-
lated, with the tides over any significant number of tidal cycles. The
question of correlation of sources and sinks with the tidal flow is
likely to require a bit more thought. The Amoco Cadiz, grounded as it
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was and subject to large changes in sea level, probably did not release
0il at anything like a constant rate. The tides may easily be thought
of as having a washing or pumping action. The details of this must be
speculation at this point. Even without knowing the details, however,
we can expect that such an action would introduce asymmetrics around the
wreck with a length scale on the order of a single tidal excursion,
i.e., a few kilometers, and beyond this the effects would be minimal.
Along the coastline and offshore rocks the beaching process and subse-
quent refloating of oil certainly depend upon the stage of the tidal
cycle and are thus correlated with the tidal currents. These shoreline
processes are discussed in more detail in sec. 2.2.5.

2.2.3 Quasi-Steady Currents

Background currents off of the Brittany coast are caused by more
then just tidal action, and it is necessary to try and estimate what
these might have been during the Amoco Cadiz spill. The average longer
period flow along the coast is usually in at least quasi-geostrophic
balance, with both baroclinic and barotropic modes being present. The
appropriate time and length scales for the set-up and adjustment of
these currents is associated with the coastal upwelling problem. A
number of studies of this process have taken place for many coastal
regions. Of primary interest are the surface currents which are caused
by the sea surface gradient normal to the coast. These gradients are
caused by the Ekman transport onshore which in turn is related to the
alongshore component of the wind. To determine characteristics of this
flow we may consider modeling studies recently carried out by Hamilton
and Rattray (1978). They show that alongshore wind stress of 1 dyne/
cm? results in a current structure that builds up over a 5 to 10 day
period with velocities in the first 10 to 20 kilometers offshore on the
order of a knot and in the direction of the wind. The surface currents
are seen to depend somewhat on the stratification, geometry, and mixing
coefficients, but the qualitative results are not changed. During the
first ten days of the Amoco Cadiz spill when the majority of the oil was
discharged the dominant wind direction was from the west. This set up
the necessary conditions for a coastal current to the east along the
Brittany coast. Obviously the winds were not constant and the appropri-
ate independent parameters are unknown but flows of about 1 knot are
probably a reasonable estimate for this period.

2.2.4 Direct Wind Driven 0il Movement

As we have suggested the regional winds averaged over a few days
will set up an alongshore current that should be a major factor in the
advection of the oil. The wind will also contribute more directly to
the movement of the floating oil. The wind/wave/oil momentum exchange,
which is usually simply parameterized as a wind factor, will require a
more detailed look at the wind field. Figure 2-2 presents stick dia-
grams representing the winds measured along the Brittany coast. These
clearly show the dominance of winds from the west during the last part
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Figure 2.2 Stick diagram of wind observations for a number of
locations along the Brittany coast.

of March. One conspicuous exception to this trend occurred on March 27-
28 when strong winds developed with a northerly component.

By combination of the barotropic coastal current and the wind drift
tactors, initial trajectory estimates can be obtained. We must cer-
tainly expect that for most periods the hydrocarbons will move east and
remain near the French coast. The wind event of March 27-28 would be an
exception with oil moving offshore in a NNE direction. According to
results of standard trajectory techniques the o0il or mousse in the band
along the coast could be expected to advance at speeds of about 1 knot
with higher or lower velocities depending on the winds.

These admittedly first-order trajectory estimates point to two
things. First is the obvious and easily observed fact that the Amoco
Cadiz oil could be expected to impact the coast from the scene of the
wreck spreading rapidly east. The second is that standard trajectory or
forecasting techniques are not going to be particularly useful or infor-
mative for this spill. The most striking features of the Amoco spill
were its massive size and its lee shore position. This means that very
near shore transport and beaching processes will be significant and the
opportunity to study them excellent. We now turn our attention to those
near shore processes.
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2.2.5 Near Shore Processes

As oil approaches the coast under the influence of winds and tidal
currents it encounters a boundary which acts initially by stopping its
forward progress. This simple kinematic constraint allows the rela-
tively thin sheen and mousse concentrations to accumulate in deep pools
at the coastline. An onshore component of the wind creates the waves
and Stokes drift necessary to propel the patches and streamers of oil
towards the coast. In addition as a thicker pool forms it effectively
absorbs the incoming waves, with the momentum transfer and associated
radiation stress acting to hold the oil in contact with the beach face.
Plate 2~5 clearly shows the formation of such a coastal pool. Streamers
of sheen are evident in the water offshore. The incoming waves are seen
to damp out over a few wavelengths. Figure 2-3 shows a suggested cross
section through such a pool. It is important to note that as the on-
shore wave pressure and oil accumulation build up, the region of beach
face actually "wetted" by the oil increases. This defines the area over
which the hydrocarbons come into direct contact with the sediments and
will be the area where we can expect the most deposition of pollutants.

<—Region of —»
Beach Face . IR
"Wetted" by l«— Region Where Oil is

Oil Floated By Sea Water

Figure 2.3 Suggested cross section through an 0il pool held against
the beach face by wind and wave stress.

The accumulation of mousse in pools along the shore is obviously a
small-scale process and we can expect that the local geometry and beach
face orientation will play an important role in determining where these
occur. Plate 2-8 shows a small bay where an oil pool is being fed by
offshore streamers. As the oil accumulates it simply fills up the
available surface area of the bay and spills in a stream on down the
coast. Small coves appear to act as ponds in the alongshore stream of
0il. They are obviously holding areas for the oil that is pushed against
and along the coast.
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To try and better understand the movement of oil or mousse along
the beach we must consider the currents just off the beach face.
Between the surf zone and the beach we expect the flow to be dominated
by the longshore current (Shepard, 1963). Plate 2-7 shows a heavy
mousse concentration moving along in this nearshore band. The pool is
obviously being fed from offshore. The wind direction is clearly seen
by the orientation of the windrows and wake pattern behind the moored
boat. In addition the waves in the mid-distance are seen to strike the
beach at an angle that would drive the alongshore currents towards the
lower part of the picture. Moving in this direction the mousse will
accumulate as it is fed from the left. The maximum concentration along-
shore is seen at the lower edge of the photograph. This picture was
taken just after high tide and, as was characteristic of many observa-
tions, heavy mousse concentration was left stranded in a belt along the
hlgh-water mark.

The fact that floating oil naturally accumulates in the band domi-
nated by alongshore drift leads to the conclusion that oil concentra-
tions will tend to follow the same accumulation patterns that finer
sediments do while undergoing beach drift (Kuenen, 1950). This analogy
will prove useful along exposed beaches and we should expect tombolos to
concentrate oil and rip currents to eject oil through the surf zone back
offshore. Trying to extend these ideas into a low energy situation
however is certainly not going to be correct since floating oil will act
differently from either surface water or sediments, no matter how fine.
To get a clearer idea of what to expect in these cases we may look at
Plate 2-6. This picture shows mousse and sheen moving through a narrow
opening between offshore rocks. A number of small-scale physical proc-
esses are seen. The wind direction is clearly indicated by the orienta-
tion of the windrows with upwind being toward the data panel. Wave:
patterns refracting through the opening are also clearly evident. Of
particular interest is the separation of the floating oil in the lee of
the rocks. The surface oil does not continue to "wet" the shoreline but
is blown offshore and does not move with the water. In addition it
continues to fleat and will not settle out the way sediments would to
form a sand spit or bar. From Plates 2-6, 2-7, and 2-8 we can see that
the small-scale orientation of the coast relative to the wind and waves
will determine the patchiness expected in the alongshore distribution of
oil. Alongshore drift will determine the movement of the oil along
exposed beach sections, but headland and rock outcrops will protect- lee
areas, provided that a pocket is not formed that can fill up before
spilling out back into the alongshore stream. It would be of consider-
able interest to understand the separation process taking place in Plate
2-6. Such processes will ultimately determine how much sheltering can
be expected. It is also possible that protected lee areas offer a
separation of direct wind and wave interactions with the oil -and would
make useful areas for observational. studles :

In the previous discussion of transpbrt‘mechanisms associated with
tidal action, the occurrence of correlation between tidal currents and
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coastal sources and sinks was listed as a potentially significant trans-
port process. We can now consider this in more detail.

Many examples of mousse being stranded by the receding tide were
observed during the Amoco Cadiz study. In nearly all the cases the
heaviest o0il concentrations were deposited right along the high-water
line. Plate 2-9 shows a striking example cof this. Here we see a deep
pool of mousse that was left by the tide and subsequently drained down
the face of the beach. The mousse appears to be in a gravitational
drainage pattern and obviously flowed more slowly then the actual tidal
water receded. To the right and left of this pool stained sediments and
0il accumulation in the rocks are also evidence of heavy exposure.
Returning our attention to figure 2-3 it is possible to speculate on the
factors contributing to the stranding of these heavy concentrations at
the high water level. As the mousse forms a wedge along the shore
because of onshore wave and wind stresses, the band where the beach face
is actually in contact with the o0il is moved up to the high-water mark.
When the tide turns this oil tends to adhere to the sediments and be
stranded, whereas below this point the water under the oil tends to
float it free and relatively little is deposited. Subsequent tides may
refloat the oil, bury it or add to it, depending on the onshore stresses
and the stage in the spring neap cycle. In terms of transport processes
it is significant to note that oil appears never to be deposited on a
rising tide, but only during the ebb. The movement of oil alongshore
then has full exposure to the flood tide currents and a somewhat reduced
statistical exposure to the ebb current direction. Along the Brittany
coast this contributes one more component to the eastward transport.
This form of tidal transport is not limited to the coast line proper but
also applies to offshore rocks. Plate 2-10 shows a rock outcrop during
a rising tide. It definitely appears as a source re-introducing oil
into the flooding tide. The significance of this mode of transport
relative to other components must depend on the onshore stresses, the
intertidal area, the general morphology of the coast, and the lee shore
nature of the spill.

2.3 Summary and Conclusions

The Amoco Cadiz disaster presented a unique opportunity to study
0il spills in the marine enviromnment. The massive amounts of oil dis-
charged, and its position close to a lee shore all made this a particu-
larly interesting spill to study. A review of previous oil spill re-
search and the conceptual state-of-the-art for oil spill trajectory
modeling techniques indicates that in the past forecasting development
has concentrated on open ocean spills. Contrasted to this, major envi-
ronmental concern tends to be focused on thé coast line. In addition
improvements in trajectory analysis and impact assessment will require a
better understanding of the processes controlling the thickness distri-
bution of the oil. These conditions set the stage for plamnning specific
studies to be carried out at the Amoco Cadiz spill.
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The spilled oil appeared in a variety of forms. These could be
described in terms of four classes: 1) mousse, 2) sheen, 3) light foam,
and 4) weathered mousse as small globs.

Estimates were made of what was thought to be the dominant oceano-
graphic or meteorological processes affecting the movement and spreading
of the oil. Winds were strong during much of the spill event and con-
tributed to the oil movement both directly and indirectly. Direct wind
forcing was through wind/wave/oil interactions, and indirect forcing was
hypothesized to take place through a sea surface set-up along the coast
and subsequent development of an alongshore current system. Both
components of the wind forcing tended to move the oil eastward in a
coastal band during the March period of study. Tidal forcing was in-
vestigated and estimated to play an important role through convergences
and divergences in the offshore area and through the beaching/tidal
pumping sequence that took place along the coast.

Nearshore transport and beaching processes that lead to the strand-
ing of oil were investigated. The orientation of the coastline and
alongshore current system were seen to affect the oil distribution. The
stranding of heavy oil concentrations appeared to occur only during
ebbing tides and seemed conditional on the intertidal beach face (Fig.
2-3) coming in direct contact with the oil.

Photographic records from a number of transects were collected for
an analysis of oil coverage, but these records have yet to be studied in
detail.

The data collected at the Amoco Cadiz spill have given new insights
into 0il movement in the marine environment. These will prove useful in
the development of conceptual algorithms to describe fundamental pro-
cesses such as the stranding or beaching of oil, sheltering of areas in
the lee of headlands, role of alongshore drift in oil tramsport, and the
effects of tidal pumping. These new conceptual understandings can be
expected to contribute to the next generation of oil spill forecasting
models and hydrocarbon impact assessment studies.
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3. CHEMICAL COMPOSITION OF SELECTED
ENVIRONMENTAL AND PETROLEUM SAMPLES
FROM THE AMOCO CADIZ OIL SPILL

John A. Calder,! James Lake,? and John Laseter?®

3.1 Introduction

The analyses described in this document represent initial chemical
investigations by the University of New Orleans' Center for Bio-Organic
Studies (UNO-CBS), the U.S. Environmental Protection Agency, Environ-
mental Research Laboratory, Narragansett (EPA-ERLN), and the National
Oceanic and Atmospheric Administration's National Analytical Facility
(NOAA-NAF), on the composition and fate of oil spilled along the Brit-
tany coastline by the Amoco Cadiz. While many of the analyses are
qualitative in nature, much quantitative information is presented. The
information reported is useful in studying the nature and composition of
the initial petroleum entering the environment and the transformations
of this material as part of the weathering process.

Selected samples were collected at different locations along the
Brittany coastline during the days and weeks immediately following the
oil spill. Station locations are shown on the map of the Amoco Cadiz
oil spill study area, Fig. 3-1. Sample locations and descriptions are
presented in Table 3-1. Many samples were collected in areas that were
heavily contaminated and had visible oil. These samples included weath-
ered oil samples floating on the water surface, samples of the mousse
(water-in-oil emulsion) and oily froth, soils, sediments, water column
samples, and biota samples such as sea grass, polychaetes, and peri- -
winkles from the tidal zone. Also a neat, medium Arabian crude oil was
analyzed as a standard. There are approximately 120 samples discussed
in the report. These were used for over 200 individual gas chromato-
graphic analyses and approximately 20 gas chromatographic-mass spectro-
metric (GC-MS) analyses. Due to limited space only representative
portions of these analyses are reported.

INOAA/ERL, OCSEAP, Boulder, CO 80302

2U.S. EPA/ERL, Narragansett, RT (02882

3University of New Orleans' Center for Bio-Organic Studies,
New Orleans, LA 70122
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Figure 3-1. The Amoco Cadiz oil spill study

area on the northern coast of Brittany,
showing the locations of sampling stations
listed in Table 3-1. Map prepared by Erich
R. Gundlach, Miles O. Hayes, R. Craig
Shipp, and Nanette Muzzy.
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Table 3-1.

preservation of Amoco Cadiz oil spill samples analyzed.
shown in Figure 3-1 or other figures as indicated.

Location, description, collection date, and method of sample

Locations are

26

Method of
Collection sample
Code Description and location date preservation
Mousse & o0ils
~AMC-1 Portsall center, long profile across heavily oiled
tidal flat, mousse on water surface 31 Mar 78 a
AMC-14 KerTouan Yacht Club, brown froth downslope from
dark brown mousse 27 Mar 78 a
AMC-16 Pointe de Lekar upper beach face, large gravel
beach, mousse 5 cm thick 28 Mar 78 a
AMC-17 Port 1a Chaine upper beach, ‘heaviiy oiled beach 29 Mar 78 a
AMC-18 I1e Grande upper marsh, heavily oiled marsh 29 Mar 78 a
F-82 (UNO1) Near Pointe de Landunvez from mid beach face,
boulder beach, some tar on rocks 31 Mar 78 a
Control Medium Arabian crude oil supplied by Aramco -
NDAA 1 & 2 Mousse collected near Amoco Cadiz by helicopter 23 Mar 78 -
NOAA 3 & 4 Mousse--north beach at Portsall 24 Mar 78 -
NOAA 5 & 6 Mousse--Les Dunes, middle beach 24 Mar 78 -
NOAA 7 & 8 Mousse--Dunes at Ste. Marguerite 24 Mar 78 -
NOAA 9 Mousse--Dunes at Ste. Marguerite, stranded at
mid-tide level 24 Mar 78 -
NOAA 10 & 11  Mousse--Greves de Lilia 24 Mar 78 -
NOAA 12 & 13  Mousse--Meneham, thick mousse in tide pools 24 Mar 78 -
NOAA 14 & 15 Mousse--Roscoff, very thick at sea wall 24 Mar 78 -
NOAA 16 Mousse--near Amoco Cadiz by helicopter 27 Mar 78 -
(AMC-30)
Sediments and soils
AMC-1 Portsall center, ground water across, long profile .
of a heavily oiled harbor-tidal flat 31 Mar 78 a
AMC-3 Portsall north, ground water, low tide berm, heavily
oiled, protected sand beach (sediment sample) 31 Mar 78 a
AMC-3 Portsall north, mousse on surface, heavily oiled,
protected sand beach (sediment sample) 31 Mar 78 a
AMC-12 St. Cava, heavily oiled beach, many dead cockles 27 Mar 78 a
UNO-2 Upper cliff--Aber Benoit bridge, close to
Treglonou, above the tidal zone 31 Mar 78 a
UNO-2 Bottom cliff--Aber Benoit bridge, close to
Treglonou 31 Mar 78 a
UNO-2 0il cliff--Aber Benoit bridge close to Treglonou,
soil at the tidal base of ciled cliff 31 Mar 78 a
NOAA 17 Sediment from Aber Wrac'h tidal flat near the
_ small town of Perros--same locatien as EPA-7 € Apr 78 -
EPA-1 Roscoff--surface sediment (sand) obtained on
(beach) beach 70 meters from seawall 27 Mar 78 b
EPA-1 Roscoff--surface sediment (sand) obtained on tidal
(tidal flat) flat 270 meters from seawall. Water depth was ap-
proximately 2 cm. 27 Mar 78 b
EPA-2 Ile Grande--surface sediment (clay and silt) obtained
after mousse and oil had been scraped from the surface 30 Mar 78 b



Table 3-1. {(continued)

Seagrass, Portsall

Method of
Collection sample 4
Code Description and location date preservation
Sediments and soils (continued)
EPA-3 (0-5 cm) (sand) Top five centimeters of a beach core 31 Mar 78 b
EPA-3 (5-10 cm) (sand) 5-10 centimeters of a beach core 31 Mar 78 b
EPA-4 Locquirec (sand) surface sediment taken approxi-
mately 30 meters from surf zone 2 Apr 78 b
EPA-7 L'Aber Wrac'h (silty sand), surface sediment from .
Aber Wrac'h tidal flat near small town of Perros 6 Apr 78 b
Water
AMC-17 Port la Chaine, ground waters below top of
heavily oiled beach 29 Mar .78 a
Stations 1-7  Subsurface water from 1'Aber Wrac'h--total of
8 samples (see Fig. 3-24) 24 Mar 78 [
Stations A, Subsurface water from 1'Aber Wrac'h--total of
B, C 7 samples (see Fig. 3-25) 25 Mar 78 c
Stations A, Subsurface water from 1'Aber Wrac'h--total of
B, C, D 16 samples (see Fig. 3-26) 27 Mar 78 4
Stations 1, 3, Subsurface water from offshore, Le Suroit
6, 7, 9, 16, cruise, Leg 1, total of 26 samples (see 30 Mar - o
29, 37, 39 Fig. 3-31) 4 Apr 78
Stations 1-7, Subsurface water from 1'Aber Wrac'h (see
bridge Fig. 3-27) 3 May 78 c
EPA-3 Subsurface water sample obtained at 0.5 meter
depth in water approximately 1 meter deep 31 Mar 78 b
EPA-4 Locquirec interstitial water from beach
(Interstitial approximately 30 meters from surf zone 27 Apr 78 d
water) :
EPA-4 (surf) Locquirec sample taken at 1 meter depth 27 Apr 78 d
EPA-4 Locquirec sample taken in pool surrounding rock
.on beach ‘ . & Apr 78 b
EPA-5 Beach at St. Efflam, interstitial water from
(interstitial beach 27 Apr 78 d
water)
"EPA-5 (surf) In surf at St. Efflam, sample taken at
approximately 1 meter depth 27 Apr 78 d
Biota
AMC-4 Periwinkles 29 Mar 78 a
AMC-17 Limpets 29 Mar. 78 a
AMC-18 Polychaetes 29 Mar 78 a
31 Mar 78 a

*a. Chioroform added to sampie--transported at room temperature.

b. Frozen as soon as possible following collection and maintained at -20°C.

c. Transferred immediately from Niskin bag sampler to hexane-washed green glass jug with
Aber Wrac'h samples
extracted within 36 hours of collection. Offshore samples extracted on April 5, 1978.

Teflon-lined cap. Stored at ambient temperature until extracted.

d. Dichloromethane added to sample--transported at ambient temperature.
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Prior to GC analysis, the total lipid extracts were simplified by
liquid/solid chromatography. The silica gel (Davison, grade 923, 100-
200 Mesh) was activated by overnight heating at 150°C. Aliphatic type
compounds were eluted with three bed volumes of n-hexane. More polar
compounds and aromatic type compounds were eluted with three bed volumes
of 40% benzene in n-hexane. All other components were displaced with
three bed volumes of methanol. The eluates from each fraction were
reduced in volume on a rotary evaporator to approximately 5 ml and
stored in a freezer until analyzed by GC and GC-MS. All Burdick and
Jackson solvents were distilled in glass prior to use and their purity
checked by GC. A splitless method of sample injection was employed for
all gas chromatographic analyses, using Hewlett-Packard Model 5711 gas
chromatographs equipped with FID detectors. These data were digitized
into "area slice" data and transmitted to an HP 3354A central laboratory
data system. UNO-CBS-developed software was used to integrate GC peak
areas. Plots of the gas chromatograms, for display purposes, were
generated from the digital raw "area slice" data on a Tektronix 4662
digital plotter by software developed at the Center. Similar plotting
routines were employed to generate the three-dimensional displays.

The GC columns were 30 m by 0.3 mm ID and coated with either SE-52
or Carbowax 20M as the liquid phases. Extracts were injected, with the
GC oven at 50°C and with a helium flow rate of 38 cm/sec. The oven was
temperature-programmed at 4°C per minute to 240°C and held at 240°C un-
til all peaks had eluted from the column. Back purging of the splitless
injector system was activated 35 seconds after injection.

Mass spectral data were collected on a Varian MAT 311A high-resolu-
tion mass spectrometer. Separation conditions were the same as those
described in.the preceding paragraphs for GC. Effluents from the column
were introduced directly into the ion source of the mass spectrometer
via a heated glass capillary line without going through an enrichment
device.

Mass spectra were scanned every 3.8 second at 70 eV and all data
were stored on magnetic disc. The source temperature was 250°C. For
routine sample runs, the resolution of the mass spectrometer was 1000
(m/M at 10% valley) and the mass range scanned was from 35 to 600 AMU.
All mass spectral data were acquired in digital form by a Varian Spectro-
system 100 MS data system. Mass chromatrograms of specific ions were
generated to aid in locating certain classes of compounds in the complex
sample types analyzed in this program.

- Photo-oxidation experiments were carried out in a two-phase system
in which a given 0il or mousse sample was dissolved in n-hexane on an
aqueous saline solution (40 gm/L). Under conditions simulating environ-
mental conditions, this system was irradiated with a visible source
(Sylvania EHC 500 watt tungsten lamp covered by a uranium glass filter)
which has a spectral output that approximates that of the solar spectrum.
When necessary, oxygen was introduced through a fritted glass inlet.

The products were isolated and fractioned in a fashion similar to that
described previously.
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The exact age of the weathered oil samples and the extent of expo-
sure of 0il to marine sediments, benthic organisms, and flora is not
known because of the nature of the insult. O0il leaked from the grounded
tanker over a period of approximately two weeks, making an exact assess-
ment of the length of environmental exposure or degree of weathering of
the oil a difficult task.

The analytical techniques used to examine these samples were pri-
marily designed to establish quantitatively and qualitatively the
extent of environmental contamination. Methods included high-resolution
glass capillary gas chromatography (GC) and gas chromatography-mass
spectrometry (GC-MS) analysis of up to three fractions from each sample
isolated by liquid-solid chromatography. The three fractions were the
saturated aliphatic type compounds, the aromatic type compounds, and the
more polar organic compounds. Additionally, ultraviolet fluorescence
(UV-fluorescence or UVF) was determined on aliquots of the hexane ex-
tracts from subsurface water samples collected in a heavily impacted
estuary (l'Aber Wrac'h) and offshore oceanic waters. A towed underwater
fluorometer was deployed in the estuary to provide real-time information
on subsurface oil-in-water concentrations.

3.2 Methods

The following is a brief summary of the analytical methods employed
by each participating laboratory. A survey of the data suggests that
very similar results were obtained irrespective of the variations in
extraction and analytical procedures employed. Compare gas chroma-
tograms of the reference mousse (Figs. 3-4, 3-6, and 3-35) obtained by
the participating laboratories. In all instances care was taken to
insure that samples were not contaminated during collection, storage, or
transport. Sample preservation methods are listed in Table 3-1.

3.2.1 UNO-CBS Procedures

Immediately prior to analysis of mousse samples, the entire content
of the glass container was thoroughly homogenized and a small aliquot
removed for fractionation. This aliquot was dissolved in 15% CHpCly in
n-hexane and any water was separated using a separatory fumnel. The
organic extract was reduced in volume on a rotary evaporator prior to
" column chromatography. In the case of biota, the samples were homoge-
nized and then freeze-dried prior to extraction by refluxing overnight
with 15% CH5Cl, in n-hexane. The organic solvent was separated from the
aqueous material after centrifugation using a separatory funnel, and
then reduced in volume on a rotary evaporator prior to saponification.
The saponification of biota lipids was accomplished using 0.5N NaOH or
KOH in methanol/water reflux for five hours. The nonsaponifiable com-
pounds were extracted three times with 60 ml of n-hexane. The extract
was then reduced in volume prior to fractionation.
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3.2.2 EPA-ERLN Procedures

Water samples were frozen or poisoned with 100 ml of dichloro-
methane after collection.. -After thawing (if necessary) samples were
extracted three times with 100 ml of dichloromethane in a separatory
funnel. Sample extracts were passed through a column of Naps504 and
reduced in volume on a Kuderna-Danish evaporator fitted with a three-
ball reflux column. Following solvent exchange to hexane, the volume
was reduced under a stream of nitrogen. Extracts were analyzed intact
or separated into aliphatic and aromatic fractions on a silica gel
column. !

A dry weight for the sediment samples was determined by drying. an
aliquot at 105-115°C for two hours. After addition of internal stand-
ards and additional water, the sediment was extracted under reflux in a
solvent mixture of 70% 0.5 N.KOH in absolute methanol. The sediment-
solvent mixture was filtered through a glass fiber filter and the fil-
trate was extracted in a separatory funnel with petroleum ether. The
combined extracts were evaporated to dryness on a rotary evaporator,
redissolved in petroleum ether, and analyzed intact or separated into
aliphatic and aromatic fractions on a silica gel column.

Extracts were analyzed by gas chromatography on a 30 m by .27 mm
I1.D. glass capillary column of SE-52 in a Hewlett-Packard 5840A gas
chromatograph. A temperature program from 35°C to 290°C at a rate of
5°C/minute was used. The initial time was 4 minutes. The injection
temperature was 290°; the flame ionization detector temperature was
280°. The splitless injection port was purged 1 minute after injection.

The GC-MS analyses were performed on a similar SE-52 column in a
Shimadzu gas chromatograph connected to a Finnegan model 1015 mass
spectrometer with a System Industries data system.

A weighed amount of the reference mousse (NOAA-16) was dissolved in
hexane and used as an intact mousse standard. The separation of ali-
quots of this standard on a silica gel column yielded aliphatic and
aromatic standards.

Quéntification of chromatograms was accomplished by planimetering
the areas of chromatograms and comparing the areas with areas obtained
from known amounts of a mousse sample.

3.2.3 NOAA-NAF Procedures

Mousse .samples were dissolved in n-hexane and a 5 ml aliquot was
concentrated to ~ 0.5 ml. An internal standard was added and the re-
sulting mixture was then directly analyzed by GC. 1In selected cases the
mousse samples were centrifuged to break the emulsions. Because centri-
fugation at 2000 g for several hours was insufficient to break many of
the mousses completely, high speed centrifugation was attempted. A
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Beckman model L preparative ultracentrifuge (SW 50.1 rotor) was utilized
for this test, employing polyalomar, 5 ml capacity tubes. The separa-
tion was performed at about 40,000 rpm (ca. 150,000 g), with refrigera-
tion maintaining the unit at 18°C. .

The separation achieved was a considerable improvement over the
low-speed centrifugation, although complete separation was still not
achieved in some cases. A sample which contained ca. 40% unseparated
mousse at 2000 g still retained 3% as an emulsion even at 150,000 g.
However, the time required to achieve this separation with the high-
speed centrifuge was only 30 minutes, compared to several days for the
low-speed procedure. The minimal amount of both handling and time
minimizes losses of the more volatile compounds that are essential to
the characterization of the oil from the mousse by gas chromatography
(with respect to degree of weathering).

Most of the samples were separated into three layers: an oil layer,
a water layer, and residual material that could not be further separated.
The NOAA team also prepared n-hexane solutions of aliquots of the mousse
and separated oil and analyzed them by GC, using a standard temperature
program for petroleum hydrocarbons. Silica gel column chromatography
was performed on selected mousse samples and oil samples and the three
fractions generated were analyzed by GC and GC-MS.

All GC analyses were conducted with a Hewlett-Packard 5840A chroma-
tograph equipped with glass capillary columns and FID detectors. An
SE-54 liquid phase was employed on a 30m x 0.25mm WCOT column. A helium
carrier at 24 psi with a 3 pl splitless injection was employed; the
split valve was opened after 18 sec. The chromatographic oven program
was held isothermal at 50°C for 5 min and then programmed at 4°/min. to
280°, then held at 280° for 30 min.

UV-fluorescence was determined on aliquots of the hexane extracts
of subsurface water. The measurements were performed on a Perkin-Elmer
MPF-44A dual-scanning fluorescence spectrophotometer. Mousse sample
NOAA-16 was utilized as the best representative of cargo oil; other
samples were compared to it as the standard. Every day that samples
were processed, a new calibration curve was developed from serial dilu-
tions of the reference mousse (NOAA-16) at an emission wavelength of ca.
360 nm. Emission was scanned from 275-500 nm, offset 25 nm from the
excitation wavelength, and the major peak occurred at ~ 360 nm for the
reference mousse solutions (see Fig. 3-2). In each sample, the concen-
tration of fluorescent material, a total oil estimate, was calculated
from its respective fluorescence, using the linear relationship of
fluorescence vs. concentration of the reference mousse "standard."

A correction factor was applied to account for the reference mousse
containing only about 30% oil.
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STANDARDS AT Y SETTING
A. 30-132
98 ng/uL solution of 30-16

B. 30-133

9.8 ng/uk solution of 30-16
C. 30-18%

49 ng/uk solution of 30-16
D. 30-182

33 ng/uf solution of 30-16
E. 30-139

0.98 ng/uf solution of 30-16

STANDARDS AT B SETTING
A. 9.8 ng/ut

8. 0.98 ng/uk

C. 4.9 ng/uk

D. 3.3 ng/ul

€. 0.49 ng/ut

<(coarse = 3; fine = 7.2)

|
A\

e e

STANDARDS AT o SETTING

A, 0.98 ng/ut

B. 0.49 ng/ub

C. 98 pg/ug

D. 0.33 ng/ut

(coarse = 10; fioe = 7.2}

Figure 3-2.

UV-fluorescence synchronous scans of serial dilutions of

the reference mousse in hexane (figures showing Yy, B, and O settings).
Remaining figure shows hexane blank at most sensitive (B) setting.
Major peak occurs at about 360 nm for the reference mousse.
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3.3 Results

3.3.1 Mousse and 0il

Figures 3-3 and 3-4 show high-resolution chromatographic separa-
tions of the n-hexane and 40%-benzene-in-n-hexane fractions of the
medium Arabian crude oil control sample (standard) and the NOAA-16
reference mousse, which represents a freshly formed mousse collected at
the spill site. The n-hexane fractions of both samples showed similar
normal, isoprenoid, branched, and cyclic hydrocarbon patterns from
approximately C,, to Czq range. The normal hydrocarboms in the highest
concentration generally occurred in the C;g to C;g range. Figure 3-4
illustrates the mass spectrometric identifications of the normal alkanes
in the reference mousse sample, whereas Fig. 3-5 illustrates the identi-
fied aromatic components in the 40%-benzene-in-n-hexane fraction of a
mousse sample collected at Ile Grande. The aromatic compounds numbered
in Fig. 3-5 are identified in Table 3-2. This fraction was low in
unsubstituted species, showing only a modest quantity of phenanthrene
and dibenzothiophene. Notable was the inability to detect the four-ring
and larger polycyclic aromatic hydrocarbons and their alkylated homologs.

The GC profiles of the control and reference mousse samples collected
" adjacent to the Amoco Cadiz are very similar in the distribution of
aromatics above the alkylated naphthalenes. There has apparently been a
loss of the alkyl benzenes and related volatile aromatics in the mousse
samples as compared to the control. It must be pointed out that the
only completely satisfactory standard for a chemical comparison is the
cargo oil prior to environmental exposure. Such a sample was not avail-
able. '

In one field exercise a series of mousse samples was collected
during the same day from the surface of the water adjacent to the Amoco
Cadiz and at beaches from Portsall to Roscoff. The oil content of these
samples was generally in the 30-40% range (Table 3-3). .The samples were
subsequently analyzed by extraction and direct GC analyses with no pre-
GC sample fractionation to minimize loss of volatiles during handling.

The reference mousse treated in this fashion shows the dominant
alkane as n-Cy; (Fig. 3-6). The loss of volatiles is evident in samples
collected as little as 2 km from the wreck site (Table 3-3) when the
concentration of the lighter hydrocarbons is normalized to n-Cy4. Fig.
3-7 demonstrates the loss of volatiles from a mousse collected at Meneham
(NOAA-13), about 25 km from the wreck. The weathering trend is discon-
tinuous with distance from the wreck, representing the variable input of
fresh oil.

The light aromatics also show evidence of weathering as demonstra-
ted in Figs. 3-8, 3-9, and 3-10 (see Table 3-4 for numbering of aromatic
hydrocarbons in these figures). The concentration of internal standard
(IS) is 'identical for all three samples. Mousse #13 shows considerable
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Figure 3-3. Computer-reconstructed high-resolution gas chromatogram
of the n-hexane and 40%-benzene-in-n-hexane fractions of the medium
Arabian crude oil sample (control). Peaks are identified in Figs.
3=4 and 3-5. (UNO-CBS)
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Figure 3-4. Computer-reconstructed high-resolution gas chromatograms
of the n-hexane and 40%-benzene-in-n-hexane fractions of the
reference mousse (NOAA-16). Numbers above peaks in the upper
trace refer to n-alkanes of corresponding chain length. (UNO-CBS)
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numbered section of the high-resolution

gas chromatogram from the 40%-benzene-in-hexane fraction of the

mousse sample AMC-18.
numbered peaks. (UNO-CBS)

Refer to Table 3-2 for ;he identity of the
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Table

3-2.

Identified and numbered components in the 40% benzene
fraction of sample illustrated in Fig. 3-5 (UNO-CBS).

Identi-

fication was by high-resolution GC and GC-MS techniques.

1. C, naphthalene isomer

2. C; naphthalene isomer

3. C4 alkyl benzene

4, Biphenyl .

5. €, naphthalene isomer

6. C, naphthalene isomer

7. Co naphthalene isomer

8. (€, naphthalene isomer

9. C, naphthalene isomer
10. C; naphthalene isomer
11. C3 naphthalene isomer
12. Cs naphthalene isomer
13. C3z naphthalene isomer
14. C; naphthalene isomer
15. Cj naphthalene isomer
16. C3 naphthalene isomer
17. C3 naphthalene isomer
18. Cz naphthalene isomer
19. C4 alkyl benzene

20. C4 naphthalene isomer
21. C4 naphthalene isomer
22. (4 naphthalene isomer
23.  C4 naphthalene isomer
24. C4 naphthalene isomer
25. C4 naphthalene isomer
26. C4 naphthalene isomer
27. C,; fluorene isomer
28. C; fluorene isomer
29. C; fluorene isomer
30. dibenzothiphene

31. phenanthrene

32. C, fluorene isomer
33. Cp fluorene isomer
34. C, fluorene isomer

Ca
Cs
Ca
Ca

fluorene isomer
fluorene isomer
dibenzothiophene isomer
dibenzothiophene isomer
phenanthrene isomer
dibenzothiophene isomer
phenanthrene isomer
phenanthrene isomer
phenanthrene isomer
dibenzothiophene isomer
dibenzothiophene isomer
phenanthrene isomer
dibenzothiophene isomer
dibenzothiophene isomer
dibenzothiophene isomer
dibenzothiophene isomer
phenanthrene isomer
dibenzothiophene

+ C phenanthrene

dibenzothiophene isomer
phenanthrene
dibenzothiophene
dibenzothiophene
dibenzothiophene
dibenzothiophene
dibenzothiophene

+ C3 phenanthrene
C5 dibenzothiophene
Cz dibenzothiophene
Cs phenanthrene
Cs dibenzothiophene

+ C3 phenanthrene
Cs phenanthrene
Cz phenanthrene
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Table 3-3. Weathering of moussel

% polar

naterial Hydrocarbon/n-Co4 ratio
Sample % 01l in oil Cio Ci2 C14 Cie Ci7 Pris Clg Phyt
NOAA-16 30 - 1.9 2,3 2.3 2.3 2.0 1.0 1.9 1.4
NOAA-3 892 9.1 0.4 1.6 2.0 2.2 1.9 0.8 1.8 1.2
NOAA-5 44 - 0.3 1.3 1.9 2.1 1.9 0.9 1.8 1.4
NOAA-7 40 16.2 0.0 0.1 0.5 1.4 1.5 1.0 1.6 1.7
NOAA-9 30 - 0.2 0.7 1.5 2.0 1.8 0.8 1.7 1.0
NOAA-11 26 21.1 0.5 1.2 2.7 3.6 2.4 0.9 2.1 1.2
NOAA-13 30 - 0.0 0.2 1.0 1.7 1.6 0.8 1.6 1.2
NOAA-15 31 - 0.0 0.6 1.6 2.2 2.0 0.8 1.8 1.2

1 Analysis by NOAA-NAF

2 Some water may have separated from this mousse during storage and
transit. Field measurements at time of collection indicated 30% oi1l

in this mousse.

Table 3-4.

in Figs. 3-8, 3-9, and 3-10

Identification of numbered aromatic hydrocarbons

2,6-Dimethylnaphthalene

1. 1,2,3,4-Tetramethylbenzene
2. Naphthalene

3. 2-Methylnaphthalene

4, 1-Methylnaphthalene

5,

6.

C,-Naphthalenes

Cs-Naphthalenes
2,3,5-Trimethylnaphthalene

Fluorene

Phenanthrene

1-Methylphenanthrene

Internal standard
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loss of aromatics from C4-benzenes to Cz-naphthalenes compared to sample
#1 (NOAA-1), collected at the wreck site. Sample #11, collected 10 km
from the wreck, shows an intermediate loss of these molecules. Also
‘demonstrated is the persistence of the phenanthenes and higher boiling
components.

Further evidence of weathering processes is indicated in the polar
content -of the mousse-oil. The sample from Portsall (NOAA-3) contained
9% polars while the sample from les Greves de Lilia (NOAA-11) contained
21% polars. Volatile oxygenated compounds were tentatively identified
© in a headspace analysis of NOAA-7, performed by NOAA-NAF. This sample
-had a definite H,S smell when opened, indicating microbial activity in
the mousse. Normal branched and aromatic ketones and aldehydes contain-
ing from 5 to 8 carbon atoms were indicated by GC-MS of the headspace.
Confirmation with authentic standards is in progress. These data, if
confirmed, would constitute solid evidence for the active oxidation of
mousse, probably by microbial processes. Additional evidence on the
production of polar material is presented in a following section. Con-
tinued and improved effort on the analytical chemistry of polar material
is required to fully assess the environmental impact of spilled oil.

Examples of more pronounced weathering can be seen in Figures 3-11
and 3-12. AMC-14 represents a brown froth collected downslope from a
mousse located on an open section of beach. As can be seen, the level
of normal alkanes such as n-Cy7 and n-C;g have decreased almost to that
of the level of the chromatographically adjacent isoprenoids. Also,
there was a corresponding alteration in the chromatographic profile of
the aromatics. By comparison, however, the most striking example of
weathering was observed in sample F~-82 which was collected from the
surface of rocks along the mid-beach face near Pointe de Landunves. The
native material appeared similar to tar, being dark and having a thick
consistency. As can be seen in Fig. 3-11, phytane actually exceeds the
concentration of n-Cyg. Additionally, the presence of distinct aromatic
components is difficult to observe.

. Fig. 3-13 is a three-dimensional plot comparing the relative con-
centration (vertical axis) of selected aromatic hydrocarbons (axis into
the page) in several similar samples, the reference mousse and the
control oil (horizontal axis). The concentration of components within a
sample is displayed relative to the concentration of dibenzothiophene
which was. given a value of 100. "A" and "B" (Table 3-5) are the medium
Arabian crude oil and NOAA-16 reference mousse respectively. Careful
examination of the three-dimensional plot shows remarkable similarity in
the distribution of aromatic components in the Arabian crude and the
NOAA-16 mousse samples. Additionally, these profiles are consistent in
all mousse samples analyzed except sample "E" (AMC-~14) and sample "J"
(F-82). These data clearly display the greater degree of environmental
modification in these two samples when compared to the others.
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Figure 3-11. Computer-reconstructed high-resolution gas chromato-

grams of the hexane fractions of samples AMC-14 and F-82.

(UNO-CBS)
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Figure 3-12. Computer-reconstructed high-resolution gas chromato-
grams of the 40%-benzene-in-hexane fractions of samples AMC-14
and F-82. (UNO-CBS)
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Table 3-5. Identification of samples and selected aromatic
hydrocarbons displayed in Fig. 3-13 (UNO-CBS)

Samples Selected aromatic hydrocarbons
A. Medium Arabian crude oil (Control) "~ 1. C; naphthalene isomers

B. AMC-30 (cargo 0il) 2. C, naphthalene isomers

C. AMC-1 (31 Mar 78) mousse or slick 3. C3 naphthalene isomers

D. AMC-12 (27 Mar 78) beached o0il, mousse 4. C4 naphthalene isomers

E. AMC-14 (27 Mar 78) brown froth 5. C; fluorene isomers

F. AMC-16 (28 Mar 78) mousse 6. C, fluorene isomers

G. AMC-17 (29 Mar 78) beached oil, mousse 7. dibenzothiophene

H. AMC-18 (29 Mar 78) mousse 8. C; dibenzothiophene isomers
I. AMC-3 (31 Mar 78) sediment 9. C, dibenzothiophene isomers
J. F-82 (31 Mar 78) tar on rock 10. €3 dibenzothiophene isomers

11. phenanthrene

12. €; phenanthrene isomers
13. C, phenanthrene isomers
14. (5 phenanthrene isomers

3.3.2 Sediment

The concentrations of hydrocarbons present in sediment samples
obtained at EPA stations 1-7 (see map) following the wreck of the Amoco
Cadiz are listed in Table 3-6. The concentrations ranged from 742 ppm
(dry weight) to 4 ppm (dry weight) but no consistent pattern of decreas-

ing oil content with distance from the tanker was observed. This re~

sulted from the wind-driven distribution of large masses of mousse from
the wreck. In some windbound coves and marshes, large amounts of oil
collected, while other leeward areas remained relatively clean. This
patchy distribution was also observed on a smaller scale.

Samples EPA-1 (beach) and EPA-1 (tidal flat) demonstrate this
irregular distribution. EPA-1 (beach) was obtained at Roscoff on
March 27, 1978. This surface sediment sample was taken approximately 70

‘meters seaward of the seawall. Thirty meters landward of this sample

location a large amount of mousse had been deposited. The total hydro-
carbon concentration of EPA-1 (beach) was 79 ppm (dry weight). Examin-
ation of gas chromatograms from aliphatic (F-1) and aromatic (F-2) por-
tions of this sample (Fig. 3-14) and the n-Cj/pristane and n-Cyg/
phytane ratios (Table 3-6) indicate that the oil in this sediment sample
was quite fresh. Similar but slightly more weathered oil was evident in

chromatograms from EPA-1 (tidal flat) sediments. This sample was taken

200 meters seaward of EPA-1 (beach) on a tidal flat that was covered
with & 2 cm of water. Its total hydrocarbon content was 10 ppm {dry
weight).
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Table 3-6. Sediments
Concentration n~Cy7/  nCyg/
Samples pg/g (dry weight) pristane phytane
EPA-1 (beach) Roscoff 27 Mar 78
F-1 65 3.1 2.0
F-2 ]
Total 79
EPA-1 (tidal Flat) Roscoff
27 Mar 78
F-1 6 - 1.5
F-2 4
Total 10
EPA-2 I1e Grande 30 Mar 78
-1 ' 164 1.7 2.6
F-2 62
Total 226
EPA-3 (0-5 cm) 31 Mar 78
F-1 5 0.9 0.7
F-2 20
Total 25
EPA-3 (5-10 cm) 31 Mar 78
F-1 31 .7 -
F-2 17
Total 48
EPA-4 Locquirec 2 Apr 78
F-1 3 1.3 0.8
F-2 1
Total 4
EPA-7 1'Aber Wrac'h 6 Apr 78
: F-1 539 0.5 0.4
F-2 203
Total 742

NOAA-16 Mousse sample (reference)
26 Mar 78
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From these limited data it appeared that as the mousse was rafted
over the tidal flat a relatively small amount of incorporation of oil
into the sediments occurred. As the mousse moved shoreward, the combina-
‘tion of decreasing water depth and increasing wave action caused more
incorporation of o0il into sediments at the lower beach face. Finally,
the mousse was deposited on the top portion of the beach.

A core sample obtained at EPA-3 on March 31, 1978, was cut into a
0-5 cm and a 5-10 cm section. The concentrations of total hydrocarbons
were 25 ppm (dry weight) in the 0-5 cm section, and 48 ppm (dry weight)
in the 5-10 cm section. While gas chromatograms from the aliphatic (F-
1) and aromatic (F-2) portions of both core sections were similar (0-5
cm F-1 and F-2 chromatograms shown in Fig. 3~15), the proportions of
hydrocarbons present in the aliphatic and aromatic fractions were
different (Table 3-6). The cause of these differences is unknown, but
may have resulted from the incorporation of dispersed oil droplets from
-the overlying water. The water sample obtained at the location was
tinted brown and contained 42 ppm hydrocarbon material.

The highest concentrations of o0il were found in sediment samples
from heavily polluted 1'Aber Wrac'h (Plate 3-6) (EPA-7) and the oiled
marsh Ile Grande (EPA-2). At Ile Grande oil and mousse were scraped
from the sediment surface before the sample was taken. The lowest
concentration observed in sediment samples was obtained on the beach at
Locquirec (EPA-4). Landward of this sample location large quantities of
mousse had accumulated. Presumably this low value reflected the small-
scale patchy distribution of oil in sediments of this area.

Table 3-6 lists the n-C;;/pristane and n-C;g/phytane ratios calcu-
lated from gas chromatograms of the sample extracts. These ratios may
be utilized to determine the bacterial degradation of the n-alkanes
present in petroleum, because bacteria degrade straight chain alkanes
(i.e., n-heptadecane and n-octadecane) more rapidly than the branched
chain isoprenoids pristane (2, 6, 10, l4-tetramethylpentadecane) or
phytane (2, 6, 10, 14-Tetramethylhexadecane). No consistent pattern is
observed relating the distance from the wreck to the amount of bacterial
degradation of petroleum present in the sediment samples. There are
several possible explanations for this inconsistency:

(1) The oil leaked from the wreck for a period of about two weeks,
which resulted in different lengths of environmental exposure for oil in
the sediments sampled.

(2) The spilled oil contaminated different sediments. Its path
from the tanker may have varied.

(3) Variations may have existed in the amount of oil present in
sediments relative to the bacterial population able to degrade the oil.
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Similar variations in degradation were observed in soil and sedi-
ments taken on a vertical transect up a cliff at 1'Aber Benoit. Recon-
structed gas chromatograms obtained from the aliphatic and aromatic
fractions of these samples are shown in Figs. 3-16 and 3-17. These
figures show that relatively low levels of aliphatic and aromatic
hydrocarbons were found in the soil sample taken above the high water
mark on the face of the cliff. The chromatograms of this sample were
not similar to those obtained for contaminated samples, indicating that
the oil did not impact this soil. Chromatograms obtained from sediments
taken 30 cm below the high water mark and at the base of the cliff
showed the presence of petroleum hydrocarbons in the aliphatic and
aromatic fractions. Comparisons of these chromatograms indicated that
the o0il in the sediments at the cliff base was more weathered than the
0il from sediments on the face of the cliff. The increased weathering
is shown in the chromatograms of sediments at the cliff base by a de-
crease in the peak heights of n-Cy7 and n-C;g relative to the isopre-
noids, pristane and phytane, in the aliphatic fraction, and a decrease
in resolved vs. unresolved components in the aromatic fractions. Again,
this sample series shows that variations in weathering of oil occur in
samples taken only a few meters apart, but, due to the continuous leakage
of 0il from the wreck, the length of time that the oil was present in
these samples may have been different.

Fig. 3-18 shows a three-dimensional plot of the concentration of
selected aromatics in these cliff samples. This figure also demonstrates
that concentrations of these aromatics were below detection limits in
the upper cliff soil sample, and shows the variation in distribution of
these aromatics on the cliff face and in the sediments at the cliff
base.

3.3.3 Photochemical Processes

Figure 3-19 shows the high-resolution gas chromatograms of the
methanol fractions from AMC-12, AMC-14, AMC-16, AMP-1 (photolyzed medium
Arabian crude oil), and AMP-C (nonphotolyzed medium Arabian crude oil).
The presence of a complex unresolved mixture (hump) in the photolyzed
control sample and the two environmental samples, with absence of any
significant hump in the unphotolyzed control sample, provides indirect
evidence for photo-oxidation processes in the environmentally exposed
mousse samples. Additional evidence was obtained by inspection of mass
chromatograms of the ion fragments characteristic of the sulfoxides of
dibenzothiophene and its n-C; and n-Cp alkyl homologs in the same metha-
nol fractions. Jon fragments thought to be associated with the complete
series of sulfoxides were observed. The presence of substantially
higher quantities of the sulfoxides in the methanol fractions of the
environmentally derived mousse samples and the photolyzed control oil
sample was confirmed by comparison of the full mass spectra in each
sample with authentic standards.
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Figure 3-16. A computer-reconstructed high-resolution gas chromato-
graphic separation of the n-hexane fraction of extracts from soil
samples collected at 1'Aber Benoit. The upper trace represents a
sample taken above the high water mark on the cliff face. The
middle trace is from about 30 cm below the high water mark and the
lower trace at the base of the cliff. All samples were collected
in a vertical line. (UNO=CBS)
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Preliminary data indicate that there is at least ten times more
oxidized product in the environmental and laboratory-irradiated samples
than in the non-irradiated medium Arabian crude oil control. TFurther
experiments have shown that aromatic hydrocarbons will stimulate photo=
oxidation substantially. Known photo-oxidation products of naphthalenes

and phenanthrenes were not detected in the methanol fractions of the two
mousse samples investigated.

3.3.4 Biota

Only four biota samples were extracted and analyzed in time for
incorporation in this report. These included periwinkles, limpets,
polychaetes, and a seagrass. All biota samples were collected alive and
were not obviously coated with oil. Fig. 3-20 illustrates the chromato-
graphic separation of the n-hexane and 40%-benzene-in-n-hexane fractions
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grams of the methanol fractions from samples AMC-12, AMC-14,
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Samples AMP-1 and AMP-C are the photo-

lyzed and control samples, respectively, of the medium Arabian

crude oil sample. (UNO-CBS)

57



AMOCO CADIZ OIL SPILL
AMC 4 TISSUE

HEXANE FRACTION
QUANT . INJ.=2.3 E-4

RECORDER RESPONSE

TINE (MINUTES)
8 20 38 4 S0 60 70 8 9

- 1 i 1 ]
T i I 1 1 |

50 9@ 130 176 210 240 240 248 240 240
TEMPERATURE (DEG. C)

AMOCO CADIZ OIL SPILL
y AMC 4 TISSUE
21 40% BENZENE FRACTION
0 QUANT  INJ =4 7 E-4
&:
14
14
o
14
0
O
Lt
!
N
TIME (MINUTES)
19 20 39 49 50 69
50 90 139 179 210 240 248

TEMPERATURE (DEG. €D

Figure 3-20. Computer-reconstructed high-resolution gas chromato-
grams of the n-hexane and 40%-benzene-in-n-hexane fractions of the
soft tissue from periwinkles collected at AMC-4. (UNO-CBS)

58



of the soft tissue from perwinkles collected at AMC-4. As can be seen,
the normal alkanes range from n-Ci3 to n-Cz3 and the profile is remark-
~ably similar to a number of mousse samples analyzed that had undergone a
modest weathering process. The aromatics were also present in the
;periwinkle tissues. Only a trace of methyl naphthalene isomers was
present. However, the chromatographic profiles of the full complement
of n-Cy, and n-C5; naphthalenes, dibenzo-naphthalenes and the other aromat-
ics are ver obvious. Fig. 3-21 illustrates the chromatographic separa-
tion of the aliphatic and aromatic fractions of the seagrass sample
collected at Portsall on May 31, 1978. This sample was collected from a
pool of water that had no visible evidence of petroleum either on the
surface or in the water. As can be seen the profiles are similar to
those in Fig. 3-20 in the periwinkles. It would appear that the mousse
from the surrounding environment is either absorbed on the surface or
ingested intact by these organisms. The other biota samples analyzed
also demonstrated very similar chromatographic characteristics. Fig.
3-18 is a three-dimensional plot, similar to that illustrated in Fig.
3-13, showing the relative concentrations of selected aromatic hydro-
carbons. Table 3-7 provides information on sample identification and
the selected aromatic hydrocarbons displayed in Fig. 3-18. Samples G,
h, I, and J represent the biota samples analyzed.

3.3.5 Analysis of 0il in Subsurface Water in 1'Aber Wrac'h Estuary

Towed Underwater Fluorometer

The Environmental Devices Corporation (ENDECO) Petro Track towed
underwater fluorometer system was deployed by ENDECO under contract to
NOAA to determine the capability and usefulness of this system under
real spill conditions. The system was deployed in 1'Aber Wrac'h during
three cruises on board an 18 m fishing boat. Subsurface (1 to 3 m) tran-
sects from the estuary mouth to its head, conducted on each of the three
cruises, resulted in a consistent description of relative hydrocarbon
concentrations (Fig. 3-22). Offshore concentrations were relatively
low, but still higher than ENDECO personnel had previously experienced.
At the shoal area, concentrations increased abruptly about fivefold, and
then diminished to intermediate values as one progressed up the estuary.
There were no substantial changes in concentration from inside the shoal
area to the bridge near Paludenn. The violent wave action in the shoal
area apparently forced more oil into the water column, some of which
remained there. Several depth profiles were taken, all of which indi-
cated that the estuary was well mixed vertically and that high oil-in-
water concentrations were in contact with the benthos (Fig. 3-23).

The availability of real-time relative concentrations made it clear that
detailed analysis at one offshore, one shoal, and one upstream station
would adequately describe the hydrocarbon burden of the water column in
1'Aber Wrac'h.
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Table 3-7. Three-dimensional plot of the concentration (vertical
axis) of selected aromatic hydrocarbons (axis into page) for certain
Amoco Cadiz samples (horizontal axis) as shown in Fig. 3-18 (UNO-CBS)

Samples . Selected aromatic hydrocarbons
A. 011 Cliff 1. C, naphthalene isomers

B. Upper Cliff 2. C, naphthalene isomers

C. Bottom C1iff 3. Cs naphthalene isomers

D. AMC-1, ground water 4. C4 naphthalene isomers

E. AMC-3, ground water 5. C; fluorene isomers

F.  AMC-17, ground water 6. Co fluorene isomers

G.  AMC-4, periwinkles 7.  dibenzothiophene

H.  AMC-17, limpets 8. C, dibenzothiophene isomers
I. AMC-18, polychaetes 9. C; dibenzothiophene isomers
J.  Seagrass 10. Cy dibenzothiophene isomers

11. phenanthrene

12. C, phenanthrene isomers
13. C, phenanthrene isomers
14, C3; phenanthrene isomers

Concentrations reported by the towed fluorometer varied from 2 to
21 times the concentrations derived from discrete water samples. The
towed fluorometer reading appeared to have a compressed dynamic range.
The towed fluorometer was calibrated with a diluted oil-in-water emul-
sion. The difficulty involved in preparing such a mixture in a quanti-
tative way is undoubtedly partly responsible for the sometimes large
discrepancies between the concentrations derived from the towed fluorom-
eter and those from discrete water samplings.

UV-Fluorescence Analysis of Water Samples Collected in 1'Aber Wrac'h

Simultaneously with the deployment of the towed fluorometer, dis-
crete samples were collected with Niskin sterile bag samplers. The
sampler was positioned just in front of the towed fluorometer intake to
facilitate comparison of the results from the two methods.. Water sam-
ples were removed from the bags immediately after retrieval and stored
in hexane-rinsed glass jugs with Teflon-lined caps. Samples were ex-
tracted in the laboratory within 36 hours.

The first transect up the estuary (March 24, 1978; see Fig. 3-24)
indicated that the concentration offshore at 3 m depth was 36 ppb (Table
3-8). At the shoals in the mouth of the estuary the concentration rose
dramatically to 250 ppb, probably reflecting the physical entrainment
and downward movement of surface oil by the violent wave action in the
shoals. Inside the shoal area, the concentration was reduced to 140
ppb, with further reduction to 26 ppb at the bridge near Paludenn.
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The second cruise (March 25, Fig. 3-25) resulted in depth profiles
in the shoal area and upstream, based on data from the in-situ fluorom-
eter with discrete water samples collected near surface and near bottom.
Near-surface concentrations both upstream and in the shoal area were
similar to those of the previous day (Table 3-8).  Near-bottom concen-
trations were higher than near the surface, particularly in the upstream

sample. Turbulence is again suspected as the cause for elevated concen-
trations in the shoal area.

During the third cruise (March 27, Fig. 3-26) depth profiles in the
shoal area over a tidal cycle and an offshore and upstream sample were
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Figure 3-26.
March 27,

Figure 3-27.
May 3, 1978.

. g
S

Station locations for 1'Aber Wrac'h, cruise 3,
1978.

Station locations for 1'Aber Wrac'h, cruise 4,
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Table 3-8. Concentrations of fluorescent compounds in subsurface
water from 1'Aber Wrac'h as determined by comparison with dilutions
of the reference mousse (NOAA-16). These concentrations do not neces-
sarily represent the absolute concentrations of petroleum in water.?

Station? Depth(m) Conc(ppb)
Cruise 1 (24 Mar 78) 1--offshore 3 36
2--shoals 3 250
3 3 140
4 1 110
5 1 80 .
6 1 33
7--bridge 1 26
Cruise 2 (25 Mar 78) A 2 57
' 10 103
B 2 59
C 2 290
10 330
Cruise 3 (27 Mar 78) A upstream 1 50
B (ebb tide) 2 73
7 69
C (tide turning 1 175
to flood) 10 250
C (flood tide) 1 255
7 340
D offshore 15 130

1Analysis by NOAA-NAF
2See Figs. 3-24, 3-25, and 3-26 for station locations
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collected. The upstream concentrations of 50 ppb were similar to those
of the previous cruises. Near the shoal area, concentrations were near
70 ppb on the ebb tide and 175 to 340 ppb on flood tide with, again, evi-
dence of greater concentration at depth. L'Aber Wrac'h was still re-
ceiving oil with incoming tides and this o0il was not being completely
flushed on ebb tide. The o0il being retained in the estuary did not
appear to be building up in the water column as upstream concentrations
were stable near 50 to 100 ppb. The increases in concentration with depth
may indicate a sinking of the o0il, possibly due to flocculation/adsorp-
tion on particles, and accumulation in sediments. Analyses of one
sediment from l'Aber Wrac'h indicated very high concentrations of oil,

in excess of 2 mg/g dry weight.

In early May 1978 (see Fig. 3-27), NOAA personnel collected addi-
tional water samples from 1'Aber Wrac'h for UV-fluorescence analysis.
These data (Table 3~9) indicate that concentration of oil in the water
c¢olumn had decreased in the 48 days since the accident, but had not yet
reached background levels typical of offshore water. Concentrations at
the upper end of the estuary had decreased much less than those nearer
the mouth.

Table 3-9. Concentrations of fluorescent compounds in subsurface
water collected May 3, 1978, from 1'Aber Wrac'h as determined by
comparison with dilutions of the reference mousse (NOAA-16).
These concentrations do not necessarily represent the absolute
concentrations of petroleum in water.?!

Station? Depth(m) Conc{ppb)
1 1 4.2
3 3.8
2 0.5 6.5
3 0.5 lost
4 0.5 9.2
5 0.5 15
6 0.5 9.7
7 0.5 19
2 22
Bridge (7 May 78) 1 75

1analysis by R.C. Clark, Jr., NOAA-NWAFC
2See Fig. 3-27 for station locations
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Gas chromatograms of hydrocarbons extracted from water taken near
the shoal area were similar to chromatograms of the reference mousse
(Figs. 3-5, 3-28, 3-29). Alkanes from n-C,y to n-Csp, pristane, phy-
tane, and many other less prominent branched/cyclic and aromatic hydro-
carbons were detected in the water samples. As would be expected some
weathering was apparent, particularly the loss of volatiles. In the
unfractionated reference mousse sample, n-C;; was the most abundant
normal alkane. In the water, n-C;; was usually the most abundant.
Microbial degradation removes normal (straight-chain) alkanes in prefer-
ence to branched alkanes, such as pristane and phytane. In the unfrac-
tionated reference mousse, the n-Cy7/pristane and n-Cyg/phytane ratios
were between 2 and 3, while in water samples the ratios were 1 or less,
indicating the possibility of microbial degradation of middle-molecular-
weight n-alkanes. The peaks in the region of the mono-, di-, and tri-
methyl naphthalenes were also enriched compared to the normal alkanes in
the water samples, consistent with their greater water solubility and
greater resistance to degradation. Samples taken in the shoal area on
all three cruises were similar, but displayed varying amounts of weath-~
ering because fresh oil was still being released from the wreck during
the sampling period.

Water samples taken upstream of the shoal area contained a much
lower GC pattern of hydrocarbons, but were obviously more contaminated

than any offshore station except that near the wreck site (Fig. 3-30).

Analysis of 0il in Subsurface Water Off the North Coast of Brittany

From March 30 to April 4, 1978, the French research vessel Le
Suroit (Southwest Wind) occupied 46 stations (Plate 3-2, Fig. 3-31).
French scientists conducted extensive sampling for measurements of
subsurface oil in water, as well as for standard chemical and biol